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Extended x-ray absorption fine structure ~EXAFS! has been used to measure the bond length in a 23
Å epitaxial Gd2O3 film grown on GaAs~001!. The Gd–O bond length is determined to be 2.390
60.013 Å, which corresponds to a 10.06360.013 Å increase or a 12.7%60.6% bond-length
strain relative to the bond length in a bulk Gd2O3 powder. Using a simple model for the strained film
that matches the @001# and @2110# axes of Gd2O3 with the @110# and @1–10# axes of the GaAs~001!
surface, the measured bond-length increase of the film determined by EXAFS agrees well with the
perpendicular lattice distortion of the film determined by diffraction. © 2000 American Institute of
Physics. @S0003-6951~00!00618-5#The long search for a stable, passivating surface oxide
for the GaAs~001! surface possibly has ended with the de-
velopment of Gd2O3 films.1 These epitaxially grown films
are single crystal with a low number of defects and interfa-
cial states, and they successfully have been used to create
metal–oxide–semiconductor structures. Previous x-ray dif-
fraction studies have determined the @110# crystallographic
orientation of the Gd2O3 film to be normal to the GaAs~001!
surface; i.e., along the GaAs@001# direction, while in the in-
terface plane, the @001# and @2110# axes of the Gd2O3 film
align with the @110# and @1–10# axes of the GaAs~001! sur-
face, respectively.2 The inequivalence of the Gd2O3 film
structure along the two in-surface axes results in different
lattice matching conditions and strains along these two direc-
tions. Concomitantly, the film suffers a Poisson-like strain
normal to the Gd2O3 /GaAs~001! interface in response to the
two different in-plane stresses.
In this letter, we determine the resulting strain induced
Gd–O bond-length change in a 23 ÅGd2O3 thin film grown
coherently on GaAs~001! using extended x-ray absorption
fine structure ~EXAFS!. Together with their polarization de-
pendence, these data determine the overall strain state of the
thin Gd2O3 film.
The 23 Å thin Gd2O3 film was grown epitaxially on the
GaAs~001! substrate wafer in an ultrahigh vacuum chamber
at Bell Laboratories, Lucent Technologies. Gd2O3 was
evaporated from a powder source via electron-beam heating
onto the substrate, which was held at 550 °C. The film qual-
ity was monitored during growth by reflection high-energy
electron diffraction; ellipsometry and x-ray reflectivity were
used to measure the film thickness. The thickness of this
sample lies within the previously determined critical-
thickness range of 18–25 Å, so the film is expected to be
strained to match the substrate lattice.2
EXAFS experiments were performed at the National In-
stitute of Standards and Technology beamline X23-A2 at the
a!Electronic mail: joseph.woicik@nist.gov2520003-6951/2000/76(18)/2526/3/$17.00
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in air, as previously reported.1 The x rays were monochro-
mated using a pair of Si~311! crystals, and the combined
Gd La1 and La2 fluorescence yield ~hn56057 eV and hn
56025 eV! around the Gd L III edge (hn57243 eV) was
monitored using a single-element SiLi detector fixed in the
horizontal plane at a right angle to the incident photon beam.
EXAFS data were recorded in two orientations—with the
sample surface normal n either parallel («in) or perpendicu-
lar («’n) to the polarization vector « of the synchrotron
radiation. The x rays were aligned at 5° grazing incidence
from the surface for both orientations. In addition, EXAFS
data from pure Gd2O3 powder were collected in transmis-
sion; these data were used to experimentally determine the
EXAFS phase and amplitude standards to fit the Gd–O bond
length in the film.
Figure 1 shows the k2-weighted Gd L III edge EXAFS
from the Gd2O3 powder. Also shown are the EXAFS from
the Gd2O3 epitaxial film recorded in the two polarizations.
The Fourier-filtered first-shell contribution is plotted with the
data from the powder, while the two spectra from the film are
compared to their best fits. The best fits were calculated us-
ing the Gd–O phase and amplitude functions obtained from
the first-shell contribution to the Gd2O3 powder spectrum.
Note that the frequency of the EXAFS oscillations and there-
fore the Gd–O bond length r in the film is increased signifi-
cantly relative to the powder. The best fits3 produce r
52.39160.017 Å for «in and r52.38960.019 Å for «’n,
so together we determine an average Gd–O bond length r
52.39060.013 Å. This is a 10.06360.013 Å or 12.7%
60.6% increase relative to the 2.327 Å bond length in bulk
Gd2O3.4
In order to compare our EXAFS results with a theoreti-
cal model for the strained film, we studied the basic bonding
arrangement within crystalline Gd2O3. Gd2O3 has a cubic
structure that is common to most 4 f and 5 f metal
sesquioxides.5–7 The basic building block of the Gd2O3
structure is a distorted oxygen octahedron about the Gd6 © 2000 American Institute of Physics
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Downatom, with the two possible sixfold oxygen coordinations
shown in Fig. 2. The positions of the six oxygen atoms in the
octahedron correspond to the corners of a cube, with two
corners vacant. The large size of the cubic unit cell (a
510.813 Å) arises from forming a cubic arrangement out of
the basic building block, requiring a total of 32 Gd atoms
and 48 O atoms. Next-nearest-neighbor Gd atoms share an
edge of their oxygen octahedrons, resulting in the ‘‘dia-
monds’’ and ‘‘half-diamonds’’ ~dimers! seen in the xy plane
of Fig. 2. These bonds form zigzag chains that run along the
in-surface x @2110# direction and the out-of-surface normal z
@110# direction of Gd2O3. The components of the Gd–O
bond along these directions is longer than the component
along the perpendicular y @001# direction. The unstrained
crystal structures of the Gd2O3 horizontal ~110! and vertical
~2110! planes are identical, and all bonds in this basic struc-
ture reside in either of these two planes.
By lattice matching the Gd2O3 film to the GaAs~001!
FIG. 1. k2-weighted Gd L III edge EXAFS from the Gd2O3 powder ~top!.
Also shown are the EXAFS from the epitaxial Gd2O3 film on GaAs~001!.
The data from the film were recorded with the polarization vector of the
synchrotron radiation aligned parallel ~middle, «in! and perpendicular ~bot-
tom, «’n! to the GaAs~001! surface normal. The Fourier-filtered first-shell
contribution is plotted with the data from the powder, while the two spectra
from the film are compared to their best fits. The best fits were calculated
using the Gd–O phase and amplitude functions obtained from the first-shell
contribution to the Gd2O3 powder spectrum. Note that the frequency of the
EXAFS oscillations and therefore the Gd–O bond length r in the film is
increased significantly relative to the powder.
FIG. 2. Basic building block of the Gd2O3 crystal structure. The x, y, and z
directions correspond to the @2110#, @001#, and @110# directions of Gd2O3.loaded 16 Dec 2010 to 140.114.136.25. Redistribution subject to AIP lisubstrate, we determine the resulting strains in the Gd2O3
film along the two interfacial axes. The in-plane unstrained
lattice constants of the Gd2O3 film are a(Gd2O3)
510.813 Å and &a (Gd2O3)515.292 Å along the @001#
and @2110# directions of the Gd2O3, respectively, while the
substrate surface lattice constants are a ~GaAs!/A253.997 Å
along both the @110# and @1–10# directions of GaAs~001!.
The two in-plane strains of the Gd2O3 film then are calcu-
lated from the coherency condition,
«@001#5@8a~GaAs!/A223a~Gd2O3!#/3a~Gd2O3!
and
«@2110#5@4a~GaAs!/A22A2a~Gd2O3!#/A2a~Gd2O3!
~1!
giving «@001#521.43% and «@2110#514.55%. Note the un-
usually long distances over which the lattices are matched in
both directions.2 Eight GaAs~001! surface unit cells along
@110# are required to match three Gd2O3 film surface unit
cells along @001#, while four GaAs~001! surface unit cells
along @1–10# are required to match a single Gd2O3 film sur-
face unit cell along @2110#.
The film responds to these two in-plane strains by relax-
ing in the @110# direction normal to the interface. Diffraction
about the ~440! reflection of the Gd2O3 film has found this
relaxation to be «@110#515.5%, which corresponds to a
strained lattice constant 16.13 Å normal to the interface, as
compared to an unstrained A2a~Gd2O3!515.292 Å lattice
constant.2 Note that the diffraction result for the distortion
along the surface normal @110# direction is similar to the
calculated in-plane distortion along @2110#.
We now can express all Gd–O bonds in terms of the
strains in the lattice constants «@2110# , «@001# , and «@110#
along the three orthogonal Gd2O3@2110# , @001#, and @110#
directions.8 Assuming small distortions, the bond-length
strains are
~Dr/r ! in plane52«@2110#/31«@001#/3
and
~Dr/r !out of plane52«@110#/31«@001#/3. ~2!
The two expressions refer to the bonds in the surface ~110!
plane and the bonds out of this plane, which have equal
populations. Using the values «@2110#514.55% and
«@001#521.43% calculated above along with the diffraction
result «@110#515.5% yields (Dr/r) in plane512.56% and
(Dr/r)out of plane513.19%. These values translate to bond
length expansions Dr in plane510.060 Å and Drout of plane
510.074 Å, which are indistinguishable from either of our
EXAFS results Dr«’n510.06260.019 Å and Dr«in
510.06460.017 Å.9
We may reverse the above formalism and obtain the lat-
tice expansion normal to the interface solely from the lattice
matching condition and our EXAFS result for the Gd–O
bond length. Using our single, averaged EXAFS bond
length, the result is «@110#514.8%60.8%, which agrees
well with the diffraction result: «@110#515.5%.2
In order to further explore any strain induced anisotropy
within the film, Fig. 3 overlays the raw EXAFS data of Fig.
1 for the two polarizations, «in and «’n. Although this is
L III and not K edge EXAFS, bonds that are oriented alongcense or copyright; see http://apl.aip.org/about/rights_and_permissions
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Downthe polarization vector « still contribute more to the EXAFS
than bonds that are oriented perpendicular to it. The data
from the two polarizations are identical within the noise
throughout the entire k range. This figure demonstrates that
the first and second shell local structures are similar along
the in-plane @2110# and out-of-plane @110# directions of the
strained Gd2O3 film; therefore, «@2110#’«@110# as suggested
by the crystal symmetry of Gd2O3 and the above analysis.
Because «@2110#’«@110# , the strain in the Gd2O3 film
may be viewed as a contraction of the three-dimensional
Gd2O3 unit cell along the in-plane @001# direction, with cor-
responding Poisson equal expansions of the sides of the cell
along the in-plane @2110# and out-of-plane @110# directions.
This situation is unique to strained-layer material with two
different lattice constants within the plane of the interface;10
it may appear counterintuitive as the @2110# lattice constant
is also constrained by the lattice matching condition.
Because the Gd–O ‘‘diamonds’’ in the xy plane of Fig. 2
have a longer diagonal along the x @2110# direction than
along the y @001# direction, a small distortion across the zig-
zag chains in the xy plane ~along y @001#! accompanies a
large distortion down the chains ~along x @2110#!. This com-
bination of a small compression along @001# and a larger
expansion along @2110# is required for the Gd2O3 film to
accommodate the underlying GaAs~001! substrate.
The above analysis pertains to the basic, unrefined
Gd2O3 or cubic sesquioxide structure, in which all bonds are
in either the interface ~110! plane or vertical ~2110! plane.
In the refined, unstrained lattice structure, three quarters of
the Gd atoms and all of the oxygen atoms are displaced out
of these planes by a few percent of the in-plane bond-length
component.5–7 These distortions maintain the symmetry of
the cubic unit cell, including the @110#↔@2110# symmetry.
FIG. 3. Comparison of the k2-weighted Gd L III edge EXAFS from the epi-
taxial Gd2O3 film on GaAs~001!. These data were recorded with the polar-
ization vector of the synchrotron radiation aligned parallel («in) and per-
pendicular («’n) to the GaAs~001! surface normal. The raw data from the
two polarizations are identical within the noise.loaded 16 Dec 2010 to 140.114.136.25. Redistribution subject to AIP liWe approximated the true, unstrained structure from a theo-
retical Born–Lande lattice energy minimization of bulk
Gd2O3.7 To compare our structural results with the refined
model, we expressed all atomic positions in terms of the
unstrained and strained lattice constants. With a 21.43%
compression along @001# and equal 14.8% expansions along
@2110# and @110#, we found a distribution of 12 distinct
Gd–O bond lengths, with average bond length r52.393 Å.
This bond length is also in excellent agreement with our
EXAFS result r52.39060.013 Å.
In conclusion, we have measured the Gd–O bond length
in a macroscopically strained Gd2O3 film grown epitaxially
on GaAs~001!. The Gd–O bond length is 10.06360.013 Å
longer than the Gd–O bond length in bulk, unstrained
Gd2O3. Using a simple model that accommodates the lattice
matching conditions, this bond length change translates to a
lattice strain «@110#514.8%60.8% perpendicular to the
Gd2O3 /GaAs~001! interface, which is in good agreement
with diffraction.2 The polarization independence of the
EXAFS supports equal distortions along the in-surface
@2110# and out-of-surface normal @110# directions of the
Gd2O3 film. Future experiments such as x-ray standing
waves and EXAFS on monolayer Gd2O3 are needed to better
understand the interfacial bonding.
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